Although many studies have examined the acute behavioural effects of cannabinoids in rodents, few have examined the lasting effects of cannabinoids at different developmental ages. This study compared lasting effects of cannabinoid exposure occurring in adolescence to that occurring in early adulthood. Forty, 30-day old (adolescent) and 18, 56-day old (adult) female albino Wistar rats were injected with vehicle or incremental doses of the cannabinoid receptor agonist (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl) cyclohexanol (CP 55,940) once per day for 21 consecutive days (150, 200 and 300 µg/kg i.p. for 3, 8 and 10 days, respectively). Following a 21-day drug-free period, working memory was assessed using an object recognition task. Locomotor activity was also measured in the object recognition apparatus via a ceiling-mounted passive infrared sensor. Three days later, anxiety was assessed using a social interaction test. In the object recognition task, significantly poorer working memory was observed in the adolescent but not adult CP 55,940-treated rats. Adolescent, but not adult CP 55,940-treated rats, also exhibited a significant decrease in social interaction with a novel conspecific. These results suggest that chronic exposure to a cannabinoid receptor agonist well after the immediate postnatal period, but before reaching sexual maturity, can lead to increased anxiety and a lasting impairment of working memory.
Introduction
Cannabis sativa has been used for thousands of years for both recreational and medical purposes but, despite this long history, very little is known about the long-lasting neurobehavioural effects of chronic cannabis use. The residual effects of cannabinoids, defined as the effects that persist long after the drug has left the central nervous system (CNS) (Pope et al., 1995) , have received only sparse research interest. In particular, the effects of cannabis initiation occurring in and around the adolescent period remains relatively unknown. Human cannabis use is commonly initiated in adolescence (Scallet, 1991) , which coincides with major neuronal changes in the CNS (Ehrenreich et al., 1999) . Furthermore, in recent years, the age of initiation of cannabis use is becoming earlier in life. For example, a survey conducted in 1998 found that over 78% of adolescents had reported cannabis initiation at 14 years or younger compared to previous findings of 64% in 1992 (McCreary Centre Society, 1999 . It is therefore of interest to determine whether adolescent cannabis use can produce lasting effects on cognitive function and emotion.
In the rat, adolescence can be defined as the period just before reaching sexual maturity (6-8 weeks; Fallon, 1995) . Major changes in neuronal structure occur at this age, and the administration of cannabinoids at this time may produce marked changes in neuronal function (Rodríguez de Fonseca et al., 1991) . A few studies on rats corresponding to the same age (30-40 days old) have addressed the residual effects of cannabinoids on learning (Fehr et al., 1976; Kalant, 1982, 1983) . In these studies, varying doses of ∆ 9 -tetrahydrocannabinol (THC) were administered to 30-day old rats for 1-6 months, followed by a drug-free period of 1-2 months. Impairments on radial arm maze (note that this is a test of memory as well as learning) and motor coordination tasks were observed in rats treated with high doses for 6 months. The same investigators (Stiglick and Kalant, 1985) aimed to determine whether age at exposure could be a key determinant of these residual deficits. THC was administered to 70-day old adult rats for 3 months. After a 1-4 month drug-free period, no residual deficits were evident.
The possibility that human adolescents may be particularly vulnerable to adverse effects of cannabis is a matter of some recent speculation (Solowij and Grenyer, 2002) . Although few human studies have specifically addressed this issue, there is some evidence that exposure during adolescence may lead to lasting deficits in attention (Ehrenreich et al., 1999) and working memory (Schwartz et al., 1989) .
In humans, one of the most commonly reported effects of cannabinoid administration is an acute impairment of working memory (Miller, 1984) . In animals, memory is impaired by the acute administration of THC, the endogenous cannabinoid anandamide (Compton et al., 1996; Mallet and Beninger, 1996) , or synthetic cannabinoids including (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl) cyclohexanol (CP 55, 940) and WIN 55,212-2 (Lichtman et al., 1995) . A second commonly reported outcome of acute cannabis intoxication in humans is increased anxiety (Thomas, 1996) . Frequent use has also been found to result in an increase in symptoms of anxiety (Patton et al., 2002) . In animals, these same anxiogenic effects are found by administering THC and other cannabinoids such as cannabinol (van Ree et al., 1984) , HU-210 (Giuliani et al., 2000) and CP 55,940 (Arevalo et al., 2001; Marin et al., 2002) . Some evidence of residual anxiety after discontinued administration has also been found (Ferrari et al., 1999; Giuliani et al., 2000) .
The aim of the current study was to assess the possible lasting effects of chronic cannabinoid exposure on working memory and anxiety in adolescent and adult rats, using the synthetic cannabinoid CP 55,940. CP 55,940 produces behavioural and physiological effects analogous to THC including analgesia, catalepsy and hypothermia, which are similar in profile and time-course (Little et al., 1988) .
The object recognition task (Ennaceur and Delacour, 1988 ) was chosen to assess working memory because it has been found to be sensitive to both memory-enhancing (Ennaceur et al., 1989) , and memory-impairing treatments (Ennaceur et al., 1997) . Working memory is defined here as the immediate retention of information needed to respond to a current task or activity (Honig, 1978) . The object recognition task is considered to be a test of 'pure' working memory because it has no reference memory component such as rule learning, and does not require the use of positive or negative reinforcers, such as food or electric shock (Ennaceur and Delacour, 1988) . The task takes advantage of the rats' innate tendency to explore novel rather than familiar objects. A reduced tendency to prefer novel over familiar objects is indicative of working memory dysfunction. The task traditionally consists of two trials with intervening delays. Preference for the novel object relative to the familiar object typically decreases as the delays increase. The measurement of locomotor activity was introduced as an adjunct to this task to determine whether drug exposure results in long-term alterations in physical performance. Anxiety was assessed using the social interaction test (File, 1980) , which involves measuring the interactions between a treated rat and an unfamiliar conspecific. The social interaction test has been well validated using a variety of anxiolytic ) and anxiogenic drugs (Irvine et al., 2001) and has been recently used by our group to highlight residual anxiogenic effects of the popular recreational drug MDMA ('Ecstasy') (Morley et al., 2001 ).
Materials and methods

Subjects
Fifty-eight female Wistar rats were used. The adolescent group (30 days old) comprised 20 drug-treated rats and 20 vehicle-treated rats. The adult group (56 days old) consisted of nine drug-treated rats and nine vehicle controls. Female rats were used because a previous study in humans found a larger association between cannabis use and anxiety in females compared to males (Patton et al., 2002) . Animals had access to food and water ad libitum and were group-housed in a temperature and humidity controlled colony room maintained on a 12 : 12 hour light/dark cycle.
Drug preparation and administration
CP 55,940 (Tocris Cookson, Avonmouth, UK) was dissolved in a vehicle containing 15 µl Tween 80 (polyoxyethylene sorbitan monooleate, ICN Biochemicals, Seven Hills, NSW, Australia), per 2 ml physiological saline. All injections were administered intraperitoneally in a volume of 1 ml/kg body weight. Rats in the drug-treated group received increasing doses of CP 55,940 for 21 consecutive days (150, 200 and 300 µg/kg for 3, 8 and 10 days, respectively), while the control group received similar exposure to the drug's vehicle. These moderate to high doses were chosen to be within the range known to produce behavioural effects in rats. Incrementally larger doses were used to counteract the development of drug tolerance because immature rats tend to develop tolerance to cannabinoids at a faster rate than mature rats (Barnes and Fried, 1974) .
Apparatus and procedure
The Object Recognition Task The experimental chamber was a clear Perspex box (610 × 260 × 400 mm). Experiments were run under low light conditions. Each trial was videotaped using a black and white CCD camera with infrared illumination. Locomotor activity was measured by a passive infrared sensor (Quantum passive infrared motion sensor, NESS Security Products, Sydney, Australia, part no. 890-087-2) connected to a computer with custom software to detect and record time spent in motion. A 10-µF capacitor located near LK2 of the printed circuit board of the sensor was replaced with a 0.1-µF capacitor serving to alter the sensor alarm period from 5 s to approximately 50 ms.
Objects used included coffee mugs, tin cans, plastic bottles, rice bowls, red plastic boxes and tubs of hair gel. A pilot study found this particular object set to elicit similar baseline rates of investigation. To eliminate any possible influence of olfactory cues, objects existed in triplicate such that two of the objects could be used in the first trial and the remaining object was used in the second trial. Objects were washed with Pyroneg (Johnson Diversey, Smithfield, NSW, Australia) before each trial, and the experimental chamber floor and walls were wiped between trials with a 1 : 10 vinegarwater solution. The assignment of objects used in any given trial was counterbalanced such that object combinations were distributed equally across groups.
Rats were habituated to the experimental chamber for two non-consecutive 2-min periods to reduce experimental chamber novelty. Formal testing began the next day. In the first trial (T 1 ), each rat was presented with two identical objects for 10 min. The aim of this trial was simply to provide an opportunity for the rats to explore two similar copies of an object. During the second trial (T 2 ), which occurred either 2 or 6 h later, the rats were again presented with two objects for 10 min. This time one object was novel, and the other was a triplicate of the original object presented in T 1 . All rats were tested twice such that they experienced both delays between T 1 and T 2 . In half the rats, the 2-h delay occurred first; in the other half, the 6-h delay occurred first. Testing in the second delay condition took place on the day after the first delay condition. The time spent exploring the objects during T 1 and T 2 were videorecorded. Object exploration was said to occur when the rat's snout was placed within 2 cm of the object. Climbing on or sitting on the object was not recorded. An observer blind to the group allocations manually scored the video recordings of each trial using the software package ODLog (Macropod Software, 2001; www.macropodsoftware.com).
The Social Interaction Test
The experimental chamber was a rectangular box constructed of clear glass (620 × 300 × 360 mm), dimly lit by a floor lamp (60 W) located 1 m away from the box. On the day following social interaction testing, rats were habituated to the chamber for two non-consecutive 2-min periods. Testing began the next day, and involved the random pairing of each experimental rat with an untreated 'stimulus' rat for 10 min. Each trial was videotaped using a black and white CCD camera with infrared illumination. Subsequent behavioural analysis involved manually scoring the video recorded trials using ODLog software. Only the behaviour of the experimental rats was examined. Scored behaviours included sniffing, following, wrestling/boxing and grooming.
Statistical analysis
Object recognition The time spent exploring objects during T 1 was calculated by summing the time spent exploring each identical object to produce a single score. These values were then compared using two (one for each age group) mixed design (treatment × delay) analysis of variance (ANOVA) with repeated measures on the delay factor. A three-way (age × treatment × delay) ANOVA with repeated measures on the delay factor was also used to compare treatments at each age group.
The percentage of time spent investigating the novel object in T 2 was calculated according to the formula N/(N + F) × 100, where N and F represented time spent investigating the novel and familiar objects, respectively. These values were then analysed using the same tests described for the T 1 data.
Locomotor activity Time spent in motion was recorded during all sessions. These values were then compared across experimental conditions using two age × treatment ANOVAs and one age × treatment × delay ANOVA as described previously for object recognition data.
Social interaction
For each rat, the amount of time spent sniffing, following, wrestling/boxing and grooming were summed to produce a single social interaction score. A two-way ANOVA (age × treatment) was used to compare the social interaction between adolescent and adult groups. Separate t-tests were used to compare treatments at each age group.
Where the ANOVA assumptions were not met, randomization tests of scores were conducted using NPFact version 1.0. In all cases, the randomization tests supported the ANOVA findings. Thus, for ease of interpretation only, the ANOVA results have been presented. All ANOVAs were conducted using SPSS 11.0.2 (Chicago, Illinois, USA).
Results
Object recognition
Trial 1 In the adolescent rats, a mixed design ANOVA (treatment × delay) with repeated measures on the second factor revealed that the main effect of treatment [F(1,38) , p < 1.0] and the treatment by delay interaction [F(1,38) , p < 1.0] were not significant, whereas the delay main effect was significant [F(1,38) = 5.47, p < 0.05] (Fig. 1A) . Within the adult groups, the main effect of treatment [F(1,16), p < 1.0], the delay main effect [F(1,16) < 1.0] and the treatment by delay interaction [F(1,16), p < 1.0] were not significant (Fig. 1B) .
The three-way ANOVA (age × treatment × delay) revealed no significant main effects for age [F(1,54) Trial 2 Within adolescent treatment groups, the preference for novel over familiar objects was lower in the CP 55,940-treated group compared to vehicle controls. A mixed design (treatment × delay) ANOVA with repeated measures on delay revealed that the main effect of treatment was significant [F(1,38) = 8.23, p < 0.01]. However, the delay main effect [F(1,38), p < 1.0] and the treatment by delay interaction [F(1,38), p < 1.0] were not significant, suggesting that the delays had little effect on working memory ( Fig. 2A) . Within adult treatment groups, the main effect of treatment [F(1,16), p < 1.0], the main effect of delay [F(1,16), p < 1.0] and the treatment by delay interaction [F(1,16), p < 1.0] were not significant (Fig. 2, B) .
A three-way ANOVA (age × treatment × delay) revealed that the main effect of age was significant [F(1,54) = 5.12, p < 0.05]. The main effect of treatment [F(1,54) = 3.00, p > 0.05] and delay [F(1,54), p < 1.0] were not significant. The age × treatment × delay interaction [F(1,54), p < 1.0], the age × treatment interaction [F(1,54) = 1.74, p > 0.05] and the age × delay interaction [F(1,54), p < 1.0] were not significant.
Locomotor activity
Trial 1 Locomotor activity did not differ across delays or treatments during T 1 in the adolescent rats. At the 2-h delay the mean ± SEM was 350.8 ± 34.9 and 351.4 ± 34.9 for vehicle-and CP 55,940-treated rats, respectively. At the 6-h delay values were 278.2 ± 29.6 and 357.9 ± 29.6. A mixed design (treatment × delay) ANOVA with repeated measures on delay revealed that the main effect of treatment [F(1,38) , p = 1.0], the main effect of delay [F(1,38) = 2.25, p > 0.05] and the treatment by delay interaction [F(1,38) = 3.23, p > 0.05] were not significant. Locomotor activity also did not differ across delays or treatments during T 1 in the adult rats. At the 2-h delay the mean ± SEM was 300.1 ± 9.9 and 298.5 ± 9.9 for vehicle-and CP 55,940-treated rats, respectively. At the 6-h delay these values were 273.7 ± 9.5 and 286.6 ± 9.5, respectively. ANOVA revealed that the main effect of treatment [F(1,16) 
Trial 2
Locomotor activity did not differ across delays or treatments during T 2 in the adolescent rats. At the 2-h delay, the mean ± SEM was 325.9 ± 36.9 and 315.4 ± 36.9 for vehicle-and CP 55,940-treated rats, respectively. At the 6-h delay, values were 342.4 ± 38.2 and Chronic cannabinoid exposure in adolescent rats 505 were not significant. Similarly, locomotor activity did not differ across delays or treatments during T 2 in the adult rats. At the 2-h delay, the mean ± SEM was 280.4 ± 18.3 and 255.9 ± 18.3 for vehicle-and CP 55,940-treated rats. At the 6-h delay, these values were 293.4 ± 11.7 and 291.6 ± 11.7, respectively. ANOVA showed that the main effect of treatment [F(1,16) 
Social interaction
An independent samples t-test used to compare the social interaction of the adolescent rats alone revealed that the CP 55,940-treated rats showed significantly less social interaction than the vehicle-treated group [t(38) = 3.36, p < 0.05] (Fig. 3) . In adult rats, no significant difference in social interaction between vehicle and drug-treated groups was found [t(16) < 1.0] (Fig. 3) .
A two-way ANOVA (age × treatment) comparing the social interaction between adolescent and adult groups revealed a significant main effect of age [F(1,54) = 50.37, p < 0.001]. The age × treatment interaction was also significant [F(1,54)] = 6.74, p < 0.05], suggesting that the adolescent rats exposed to CP 55,940 showed decreased social interaction compared to the adult groups. The treatment main effect was not significant [F(1,54)], p < 1.0].
Discussion
The results suggest that adolescent, but not adult rats treated with CP 55,940 showed reduced preference for a novel object over a familiar object relative to control animals at both delay intervals, suggesting that working memory was impaired. Locomotor activity during the object recognition task was not affected by CP 55,940 pre-treatment, suggesting that the results of the object recognition task cannot be attributed to a locomotor impairment or an overall lack of exploration.
The results of the social interaction test revealed that repeated pre-exposure to CP 55,940 significantly reduced social interaction compared to vehicle-treated rats in the adolescent rats, but not in the adult rats. Similar to the object recognition experiment, the results indicate that immature rats may incur lasting behavioural deficits from cannabinoid exposure, reflecting a residual effect of such exposure long after the drug has left the CNS.
The results of the object recognition experiment are in agreement with previous reports that cannabinoid exposure in immature (30-40 days old) but not mature rats (70 days old) impairs radial arm maze performance (Fehr et al., 1976; Kalant, 1982, 1983) . The present results also agree with findings of a human study on age-related cannabis exposure (Ehrenreich et al., 1999) , which assessed visual scanning along with other attentional functions in adult cannabis users whom had either been early (between ages 12-15 years) or late onset users (> 15 years). The results showed that early onset cannabis users had attention deficits specific to visual scanning, whereas late onset users did not. Another human study (Schwartz et al., 1989) found that cannabisusing adolescents maintained working memory deficits when assessed up to 6 weeks after the last drug administration. A previous review (Scallet, 1991) also supported the existence of agerelated residual effects by suggesting that lasting neurotoxic effects of THC appeared specific to young rats (40 days old or less), when exposure was chronic (> 90 days; 8-10% of the life span of a rat). At the time of the review, no other studies had demonstrated residual effects with shorter periods of exposure. However, in the current study, it was found that exposure for a mere 21 days (approximately 2% of a rat's life span) was sufficient to produce significant and lasting working memory deficits and increased anxiety.
To our knowledge, the present study is the first experiment to demonstrate residual anxiogenesis in younger rats resulting from prior exposure to CP 55,940. Recent studies have found evidence of a residual increase in anxiety in young adult rats chronically exposed to the cannabinoid receptor agonist HU-210 (Ferrari et al., 1999; Giuliani et al., 2000) . In these studies, an increase in vocalizations and a heightened emotional response to novel environments were observed up to 7 days following exposure to the highest dose (100 µg/kg) of HU-210. It is not clear why CP 55,940 exposure did not produce a residual increase in anxiety in adult rats in the present study; however, methodological differences may account for these discrepant findings. For example, a different cannabinoid receptor agonist was used, and the drug-free period was considerably longer in our study. Despite the interesting and novel results in the present study, there were also a few unexpected findings. First, baseline social interaction was lower in adolescent treatment groups compared to adults. This finding may be related to an age-related difference in the response to mild chronic injection stress. Thus, chronic intraperitoneal injections (even saline) can induce mild stress (Jaskiw et al., 1990) . Although both adolescent and adult control rats experienced similar vehicle injections, saline-treated adolescent rats exposed to mild stress are more anxious in a similar social test situation compared to adults rats (Spear, 2000; Varlinskaya and Spear, 2004) . Furthermore, previous studies on early life cannabinoid exposure (Navarro et al., 1994 (Navarro et al., , 1996 indicate sexually dimorphic differences between male and female rats, perhaps explaining the lower rates of social interaction in females.
Another unusual finding was the significant effect of delay on investigation time during T 1 in the object recognition task. This result is difficult to interpret because delays were counterbalanced across testing days, and object investigation during T 1 was measured before the occurrence of any delays. We have not found a significant effect of delay during T 1 in any of our other work using this task and believe this finding can simply be attributed to Type 1 error. It is also not clear why the delay interval used had no significant effect on T 2 performance; however, it is possible that the 2 h and 6 h delays used were too similar in duration. The inclusions of a much longer delay interval would most likely have resulted in a significant effect of delay.
Sex differences in cognition and affect in general have been observed in humans (Halpern, 2000) , as well as animals (Beatty, 1979) , and structural and biochemical sex differences have also been demonstrated (Arnold and Gorski, 1984) . Furthermore, a study on residual cannabinoid effects in humans showed that males exhibited poorer performance on tests of cognition relative to females (Pope and Yurgelun-Todd, 1996) , whereas a more recent human study found that daily cannabis use was associated with a five-fold increase in anxiety and depression in young females (Patton et al., 2002) . Some animal studies have shown that male rats are more sensitive to many of the behavioural effects of cannabinoids (Fernández-Ruiz et al., 1992; Navarro et al., 1996) . Further studies should compare the results obtained in the present study using female rats with those found with male rats.
The research available to date on early versus late cannabis exposure is far from conclusive. Most studies have largely focused on the acute, and chronic effects of cannabinoids, rather than residual changes. Of increasing concern is the putative link between the time at first initiation of cannabis and lasting neurobehavioural alterations. With the onset of cannabis use occurring earlier amongst humans, there is an important need to confirm whether early life cannabis initiation has deleterious effects on psychological and social development.
